specific cell type or hiking over terrain from the 'valley' of one lineage directly to that of another -the speakers at this year's Keystone Symposium illuminated the ease by which cellular identity can now be manipulated.
Introduction
The timing, topic and location were ideal for the Keystone 2010 conference on 'Stem Cell Differentiation and Dedifferentiation', which was co-organized by Fiona Watt (CRUK Cambridge Research Institute, Cambridge, UK) and Shinya Yamanaka (Kyoto University, Kyoto, Japan). It was at the same meeting 4 years previously that Yamanaka first announced the induction of pluripotency in differentiated cells using defined factors (Takahashi and Yamanaka, 2006) . Since then, Yamanaka's method for changing cellular phenotypes using transcription factors has been applied to the reprogramming of diseased human fibroblasts, the differentiation of stem cells into specific cell types of interest and the more direct reprogramming of one somatic cell type into another (Hochedlinger and Plath, 2009) . As this field matures, it was an ideal time to review the progress made and to discuss the challenges that remain.
The cell biologist Hal Waddington described cellular differentiation as a ball rolling through an epigenetic landscape (Waddington, 1957) . This descending ball, repeatedly choosing between distinct couloirs and valleys, eventually comes to rest at a point near the mountain's base. As the ball lacks any further 'developmental potential energy', it remains there as a terminally differentiated cell. Between the advances described at this conference and afternoons spent skiing in summit county, one could not help but wonder how easy it has become to traverse Waddington's landscape. Whether it is a reprogramming gondola carrying a differentiated cell back to pluripotency -shushing down the mountain by directed differentiation in order to produce a observed between different human iPSC lines, this variation seemed to be explained by variation that also exists among human ES cell lines. Ron Mckay (National Institute of Neurological Disorders and Stroke, MD, USA) also seemed to find that iPSCs behave much as ES cells do. The variation described in pluripotent cell lines suggests that a large number of both human iPSCs and ES cells must be compared in order to determine whether any difference in differentiation potential is specific to iPSCs.
This group of speakers also discussed efforts to improve the efficiency of reprogramming techniques. Most iPSCs are produced through retroviral transduction (Takahashi and Yamanaka, 2006) (Fig. 1A) . The problem with this approach is that the reprogramming genes, particularly MYC (cMyc), are potent oncogenes (Okita et al., 2007) . If the viral vectors become re-expressed in mice produced from these cells, it can lead to tumor initiation (Okita et al., 2007) . Additionally, this method is inefficient, limiting its utility. Rudolf Jaenisch (Whitehead Institute, MA, USA) and Azadeh Golipour (Samuel Lunenfeld Research Institute, Toronto, Canada) presented two new genetic methods for reprogramming, while Eggan presented a method that replaces the reprogramming genes with small molecules (Fig. 1A) . Jaenisch described mice in which the reprogramming genes are present at a single locus that can be induced with doxycyclin (Carey et al., 2010) . This approach dramatically improves the efficiency of reprogramming, and, as Jaenisch demonstrated, given enough time, it enables any cell to be reprogrammed (Hanna et al., 2009) .
By contrast, Golipour uses transposons to reprogram cells (Kaji et al., 2009; Woltjen et al., 2009) . Transposons efficiently induce reprogramming and can be later removed (Fig. 1A) . Golipour reported her colleagues' genetic RNAi screen to identify genes that influence reprogramming, which uncovered a key role for BMP signaling and the induction of mesenchymal-to-epithelial transition (MET) during early reprogramming. Golipour showed that this process is linked to the BMP-dependent induction of miR-205 and of the miR-200 family of microRNAs, which are key regulators of MET. Similarly, Eggan's group have discovered through their reprogramming approach, which is designed to replace each reprogramming gene with distinct small molecules, that inhibitors of the activin arm of TGFb signaling enhance reprogramming, allowing it to occur in the absence of both Myc (cMyc) and Sox2 (Ichida et al., 2009 ). As James Thomson had presented CHIP-seq and gene expression data reinforcing the observation that BMP and activin signaling are reciprocal and have antagonistic effects on one another in ES cells (Xu et al., 2008) , these two presentations seem to confirm each other's observation.
Talks by Helen Blau (Stanford University, CA, USA) and Amanda Fisher (Imperial College, London, UK) reminded the audience that the generation of iPSCs is not the only method for reprogramming. Blau described a genetic screen in which mouse ES cells were fused with somatic cells to form stable heterokaryons (Bhutani et al., 2010) (Fig. 1A, part b) . She reported that reprogramming by cell fusion proceeds more rapidly than it does with defined factors, suggesting that this approach would be useful for identifying genes required for the reprogramming process. An RNAi knockdown screen by this laboratory identified AID, a deaminase that can act on 5-methyl cytosine to cause DNA demethylation, as a requirement for reprogramming in this cellfusion system. Loss of AID function inhibited demethylation and reprogramming, whereas increased levels of AID improved reprogramming efficiency (Bhutani et al., 2010) .
Amanda Fisher also used cell fusion to study reprogramming (Pereira and Fisher, 2009) . Using various mutant mouse ES cells, she demonstrated that Polycomb proteins from the PRC2 complex were essential for reprogramming. In an effort to define the role of PRC2, Fisher and colleagues identified Jarid2 as a novel component of the complex. She went on to provide evidence that Jarid2 serves a crucial function in ES cell pluripotency and reprogramming, primarily through the transcriptional priming of 'bivalent' chromatin domains Pasini et al., 2010; Pereira et al., 2010) . The genes that bear these chromatin domains, which contain both activating and repressive post-translational modifications to histones, are thought to be poised for expression during differentiation and development. These talks eloquently demonstrated that heterokaryon formation coupled with genetic intervention allows insight to be gained into reprogramming. (15) factor (LIF) signaling for self-renewal, can differentiate into primitive endoderm and contribute to the developing embryo when placed into the blastocyst . By contrast, human ES cells, and their in vivo orthologs, mouse epiblast stem cells, grow in flat epithelial sheets, require FGF for their renewal and, although they are pluripotent in vitro, they do not participate in development when placed into the embryo (Brons et al., 2007; Tesar et al., 2007) . Based on these properties, it is tempting to speculate that mouse ES cells are reminiscent of the inner cell mass (ICM), whereas epi-stem cells and human ES cells are epiblast cells, which self-renew in culture (Fig. 2) .
Austin Smith (The Wellcome Trust Centre for Stem Cell Research, Cambridge, UK) reported his group's experiment in which they treated mouse blastocysts and mouse ES cell lines with a cocktail of three small-molecule inhibitors of differentiation. Interestingly, these compounds seemed to have similar effects both in vivo and in vitro: they promote renewal and division, while inhibiting differentiation into primitive endoderm . These results are consistent with mouse ES cells having an ICM origin. However, in a series of talks by Thomas Zwaka (Baylor College of Medicine, TX, USA) and by his trainee Li Fang Chu, an alternative model of mouse ES cell origins was presented. In this model, mouse ES cells are derived from germ cells that arise in the outgrowing ICM. The evidence for this proposal came from lineage tracing experiments in which ES cells were derived from embryos expressing Cre recombinase under control of the Blimp1 promoter. When this gene becomes expressed in germ cells of the embryo, it activates a lacZ reporter. Intriguingly, all ES cells derived from such embryos were lacZ positive, suggesting that ES cells are germ cell derived.
This is an interesting model, as it is possible to derive embryonic germ cells, which share many properties with ES cells, from the migrating germ cells later in development. Accordingly, Takashi Shinohara (Kyoto University, Kyoto, Japan) described the isolation of spermatogenic stem cells, which, when transplanted back into the testis, can form sperm. At an extremely low efficiency, these cells interconverted into pluripotent cells (Takehashi et al., 2010) . Together, these results suggest the interesting possibility that all germ line competent pluripotent cells are derived from germ cells.
This attractive hypothesis could also explain another developmental conundrum: why female ES cells have two active X chromosomes. Germ cells in the developing female undergo X chromosome reactivation. Could it be that similar mechanisms are at play in mouse ES cells? Cold water was thrown on this model by the work of Azim Surani (The Wellcome Trust/CRUK Gurdon Institute, Cambridge, UK). He attempted to derive mouse ES cells from Blimp1-deficient embryos, which lack all germ cells (Ohinata et al., 2005) . He reasoned that if ES cells come from germ cells then he should not be able to derive them from these embryos. However, in their preliminary experiments, this did not seem to be the case.
By contrast, human ES cells appear to be epiblast derivatives rather than germ line-derived stem cells. Consistent with this notion, Hans Scholer (Max-Planck Institute for Molecular Biomedicine, Münster, Germany) presented his group's attempts to isolate human male germ line stem cells, which appears to be much harder to do than in mice. Although he was able to isolate cells that had the properties of those previously described in the literature as being human germ line stem cells (Conrad et al., 2008) , he could not demonstrate their interconversion to pluripotency. Very careful analysis of these cells seemed to indicate that, rather than being germ line stem cells, they were instead only testicular fibroblasts. Scholer went on to explain where the previous group had been led astray by the behavior of these cells in various assays. One could not leave his talk without feeling that the previously reported pluripotent conversion of these cells (Conrad et al., 2008) had been justifiably thrown into doubt.
Although the conclusion that human ES cells most closely resemble epiblast cells seems on stable ground (Brons et al., 2007; Tesar et al., 2007) , the work on X chromosome inactivation in human ES cells described by Jaenisch did throw this conclusion somewhat into question. In his talk, Jaenisch described work carried out in his lab that indicates that human ES cells grown under normal conditions have an inactive and an active X chromosome. In this sense, they would be similar to differentiating cells of the epiblast. However, when he grew an early sub-clone of these cells in low oxygen, his group observed signs of biallelic expression of X-linked genes. This would seem to suggest that, under some conditions, human ES cells resemble mouse ES cells in their state of dose compensation. Consistent with this conclusion, when these human ES cells were differentiated, one chromosome became inactivated. These experiments suggest that there may be a ground state for human pluripotency, which is not commonly accessed and more closely resembles that found in the mouse (Ying et al., 2008) .
Fred Gage (The Salk Institute, CA, USA) presented work on his group's efforts to distinguish adult neural stem cells (NSCs) according to their site of origin and also outlined a proposal to generate iPSC lines from a variety of primates. Their goal is to use human and non-human primate NSCs to derive various neuronal subtypes in an attempt to understand why human and non-human primate brains differ from one another. Alternative splicing variants of genes encoding proteins such as neuropsin, which is involved in learning and memory (Li et al., 2004) , have been described to exist between species. Could iPS cells provide an invaluable insight into the evolution of the human brain?
This cadre of presentations was rounded off by Anthony Atala (Wake Forest University, NC, USA), who updated the audience on his work with human fetal amniotic stem cells (De Coppi et al., 2007) . These cells seem to be similar to human ES cells in that they may have some limited capacity to give rise to endoderm, mesoderm and ectoderm in vitro. Although they express low levels of OCT4 and some other pluripotency factors, it was unclear whether these proteins are found in the nucleus where they would exert their function. These cells do not form teratomas when injected into nude mice, which is attractive for transplant approaches. When hearing this talk, we wondered whether multipotent neural crest progenitors might have sloughed off the embryo into the amniotic fluid. Owing to the diverse differentiation capacities of the neural crest (Joseph et al., 2004) , these cells could, in principle, form some of the cell types described in this talk.
Ski school: mechanics of self-renewal and differentiation
In addition to talks on reprogramming and pluripotent stem cell provenance, there were a number of talks on the mechanistic aspects of why stem cells behave as they do. Ihor Lemischka (Mount Sinai Hospital, NY, USA) updated the audience on his studies of the ES cell transcriptome and proteome. His goal is to understand the systems-level control of self-renewal and differentiation. The informatics tools for these experiments continue to become more and more sophisticated. Especially of note were bioinformatic interfaces that could portray 4D changes in global RNA and protein levels (Lu et al., 2009 ). Colin Melton (University of California, San Francisco, CA, USA) also discussed the post-transcriptional control of stem cell behavior . He described published work on two miRNA families that are expressed in ES cells and that have antagonistic effects on one another in stem cell differentiation and renewal .
Larry Stanton (Genome Institute, Singapore) shared structure/ function experiments on the transcription factors Sox2 and Sox17. Sox2 is a component of the transcription factor network that drives the self-renewal of ES cells and is included in the cocktail of reprogramming factors described by Yamanaka. By contrast, Niakan and colleagues have shown that Sox17 is important for driving the differentiation of mouse ES cells towards primitive endoderm (Niakan et al., 2010) . Strikingly, Stanton observed that Sox17 and Sox2 had almost identical consensus binding motifs, and went on to show that with just a single amino acid substitution in their DNAbinding domains, the functions of Sox2 (iPS induction) and Sox17 (endoderm induction) could be swapped.
Fiona Watt shifted the focus of the meeting to lineage-committed progenitors. Her work included a collaborative effort with bioengineers to grow epidermal stem cells on surfaces that had distinct extracellular matrices printed in patterns to dictate the shape in which each cell grew (Gautrot et al., 2010) . Their goal was to determine how physical constraints modified a cell's behavior. Surprisingly, the substrate to which the cells adhered only modestly affected their behavior. By contrast, the shape that cells were constrained to occupy strongly influenced their differentiation state. These effects seemed to be mediated through changes in the cytoskeleton (Gautrot et al., 2010) . It will be interesting to further understand this phenomenon, as it is likely to be a general feature of stem cells. Catherin Niemann (University of Cologne, Germany) described her work on the sebaceous gland stem cells and their maintenance. Using K15-Cre as a lineage-tracing tool, she showed that single bulge cells can reconstitute the sebaceous glands. Interestingly, this process is independent of hair follicle regeneration by bulge cells during the hair cycle (Niemann, 2009) .
Toshio Suda (Keio University, Tokyo, Japan) continued the discussion of the stem cell micro-environment by describing his work on hypoxia in the blood-forming hematopoietic niche. His work described the behavior of hematopoietic stem cells in the hypoxia-inducible factor 1a (HIF1a) knockout mouse (Kurihara et al., 2010) . Interestingly, these mice had decreased stem cell quiescence and lost stem cells more rapidly as they aged. Although these studies suggest the sensing of hypoxia may be a key regulator of blood stem cell behavior, it needs to be resolved whether this mutation, which must place additional and unknown pressure on other aspects of hematopoiesis, could be exerting some indirect effect (Hosokawa et al., 2010) .
Amy Wagers (Harvard University, MA, USA) also described her intriguing work on the aging of the stem cell niche. Her experiments with animal parabiosis suggest that there are circulating factors that modify the behavior of stem cells. Remarkably, when she conjoins old and young animals in a heterochronic parabiosis experiment, circulating factors from the young animal enter the old animal and rejuvenate it. Although her work on rejuvenation of the skeletal muscle had already been published (Conboy et al., 2005) , here she focused on the aging of the blood stem cell niche. She indicated that osteoblasts supporting the stem cells change during aging. Serum from young animals seems to reverse many of the deleterious changes to old osteoblasts, opening the door to the possible purification of the circulating factor or factors. She also described a small molecule screen to identify compounds that could revert the phenotype of the osteoblasts to a more youthful state. Inhibitors of TGFb signaling seemed to score well in this screen.
Deepak Srivastava (Gladstone Institute of Cardiovascular Disease, CA, USA) described in his talk the factors that control the behavior of cardiac progenitors and focused primarily on the discovery of a novel connection between the Notch and WNT signaling pathways (Kwon et al., 2009 ). This connection seems to be mediated by modulation of glycogen synthase kinase 3b (GSK3b) stability. Interestingly, this new signaling pathway may be at the heart of the self-renewing ability of many somatic stem cell types.
Skiing with purpose: shushing towards therapeutic goals
The final theme explored at this meeting was the therapeutic use of stem cells. Chad Cowan (Harvard University, MA, USA) described his efforts to use transcription factors to direct the reprogramming of fibroblasts and ES cells into both hepatic and adipose tissues. His goal is to use these cells for metabolic studies and for understanding drug-mediated toxicity. Cowan also presented attempts to use iPSCs to investigate the mechanistic contribution of various polymorphisms towards diseases, such as myocardial infarction. He closed by challenging the audience to consider using iPSCs to model the widespread effects of single nucleotide polymorphisms (SNPs) in many disease processes.
E. Edward Baetge (Novocell, CA, USA) also spoke about metabolic disorders and shared Novocell's progress towards the directed differentiation of human ES cells into pancreatic b-cells (Kroon et al., 2008) . Their goal is to produce b-cells for transplantation into individuals with diabetes. Although they can now relieve diabetes in a mouse model, several challenges remain. b-Cells produced using their method seem to express multiple hormones and may be immature. Although placing them for some time in vivo allows them to mature, they will probably need to discover how to mature them in vitro (Kroon et al., 2008) .
Hideyuki Okano (Keio University School of Medicine, Japan), Hans Keirstead (University of California, Irvine, CA, USA) and Ron McKay all gave talks on how stem cells might be used to treat neurological conditions. Okano described the neurogenic potential
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Development 137 (15) of stem cells, derived from both human fetal sources (Yamane et al., 2010) and from ES cells (Kumagai et al., 2009) , after their transplantation into the mouse spinal cord. He provided compelling evidence that the generation of glial cells was more important for the recovery of the animal than the production of new neurons. He also described genetic manipulation of marmoset embryos. His lab has now generated marmosets that carry an a-synuclein mutation that causes Parkinson's disease. They are currently rearing the animals to determine whether they will succumb to neural degeneration (Sasaki et al., 2009) . Ron Mckay kept the discussion focused on the midbrain and described their efforts to produce bona fide dopaminergic neurons. The method he described relied on WNT and SHH signaling to first generate floor plate and then midbrain neurons (Joksimovic et al., 2009; Ravin et al., 2008) . Meanwhile, Hans Keirstead shared his group's progress in producing oligodendrocytes (Hatch et al., 2009; Sharp et al., 2010) . His talk focused primarily on the requirements producing ES cells and ES-derived neurons to use as therapeutic products (Hatch et al., 2009; Sharp et al., 2010) for treating spinal cord injury and spinal muscular atrophy (SMA).
Amy Sinor (Harvard University, MA, USA) also described the use of motor neurons for therapeutic purposes, but her approach was very different from that of Keirstead's. She described efforts in Lee Rubin's lab (Harvard University, MA, USA) to use these motor neurons for drug discovery. In the childhood disease SMA, motor neurons degenerate (Lorson et al., 2010) . Many researchers believe that SMA could be reversed if a compound could be identified that increased the expression levels of a survival factor for motor neurons, which is hypomorphically expressed in these cells. Using an image-based screen, Sinor found a number of interesting compounds that seem to have this activity. Sinor's talk was followed by a talk from Zhong Zhong (GlaxoSmithKline, China), who is taking a similar approach to Sinor, reflecting an interest among large pharmaceutical companies in using ES cells as drug screening tools.
Rita Perlingeiro (Lillehei Heart Institute, MN, USA) described her group's work on the function of PAX transcription factors in skeletal muscle stem cells. Most notably, she described the effects of ectopically expressing Pax3 in mouse ES cells, which induced the cells to take on a myogenic phenotype. When injected into a dominant model of muscular dystrophy, these cells contributed to an increase in the strength of diseased muscle (Darabi et al., 2009 ). This work, although promising, would presumably require a non-genetic method for inducing Pax3 in stem cells before transplantation, perhaps using a small-molecule approach.
Before derivatives from iPS cells or ES cells move towards the clinic, large-animal models will be needed to test both their safety and efficacy as well as to develop surgical techniques. A talk by Jing Liao (Shanghai Institute of Biochemistry and Cell Biology, Shanghai China) described the derivation of pig iPSCs (Wu et al., 2009) . As the pig is an excellent model for surgical transplantation, these cells could prove to be incredibly valuable. Pig iPSCs, which appear to be similar to human iPSCs in their gene expression program and differentiation capacity, should be invaluable for producing populations of cells for testing new transplantation therapies.
Nobuko Uchida (StemCells, CA, USA) described his work on a mouse model of infantile neuronal ceroid lipofuscinosis, a neurodegenerative disease that results from the excessive accumulation of lipopigments in the body's tissues (Tamaki et al., 2009) . In this work, his group explored the protective effects of transplanting human fetal nervous system stem cells into the mutant mice. These cells, which are grown as neurospheres and are free from concerns over teratoma formation, seem to protect a variety of neuronal cell types by actively migrating throughout the nervous system after transplant, supporting the host cells that would otherwise be damaged by this previously untreatable enzyme deficiency (Tamaki et al., 2009) .
Gabriela Gebrin Cezar (University of Wisconsin, WI, USA) is trying to understand the entirety of small-molecule constituents residing within cells. This collection of molecules that she calls the 'metabolome' could be a very sensitive indicator of physiological changes within a cell. She hopes to use this approach to discover biomarkers for disease that could aid in both the development of diagnostics and in clinical trial design (Cezar et al., 2007) . This approach has already been helpful in understanding how glial cells become toxic to motor neurons in amyotrophic lateral sclerosis (ALS) (Marchetto et al., 2008) .
Although talks on translational stem cell biology reflected the early stage of efforts in the development of new therapeutics, they demonstrated a broadening viewpoint in the ways that stem cells might be deployed for treating disease. No longer are thoughts limited purely to the notion of cell replacement therapy. In addition to this potentially valuable approach, disease modeling, drug discovery, improved toxicological studies and modulation of inflammatory processes all seem to be very promising approaches.
Conclusion
In summary, it is remarkable how quickly the stem cell field has managed to move forward since Yamanaka's breakthrough discovery several years ago. Stem cell science seems to be on the verge of moving out of its fascinating, but awkward, adolescence into a stage of maturation where cellular behavior can be precisely controlled for a better understanding of developmental biology and for regenerative medicine.
